The 26 kilodalton, isoelectric point 6.3 and 6.5 (Gsl and Gs2) polypeptides that increase in barley (Hordeum vulgare L.) roots during salt stress were isolated and identified. Both Gsl and Gs2 had high sequence similarity to germin, a protein that increases significantly in germinating wheat seeds. Like germin, Gsl and Gs2 were resistant to proteases and were glycosylated. lmmunoblots were probed with antibodies to Gs1 and Gs2 to determine the distribution of these polypeptides among organs and cell-free fractions. Gsl and Gs2 were present in roots and coleoptiles, but absent from leaves. In roots, Gsl and Gs2 were present in the mature region, but not the tip. Gsl and Gs2 increased in roots, but decreased in coleoptiles in response to salt stress. Gsl and Gs2 were distributed among the soluble, microsomal, and cell wall fractions of roots, but the majority of Gsl and Gs2 was present in the soluble fraction. Although Gsl and Gs2 were heat stable, their synthesis was not affected by abscisic acid treatment. Gs2 accumulated during abscisic acid treatment, whereas Gsl did not. However, a 25.5 kilodalton, isoelectric point 6.1 polypeptide that was immunologically related to Gsl did accumulate with abscisic acid treatment.
Salt stress alters the levels of a number of polypeptides and translatable mRNAs in barley roots (10, 1 1, 13-15) . The most obvious changes in protein synthesis are increases in polypeptides with molecular masses of 26 and 27 kD and pIs2 of 6.3 and 6.5 (10, 11, 13, 14) . Evidence from studies on length of NaCl treatment, concentration of NaCl, recovery from salt stress, effect of other stresses, and analysis of different cvs indicates that these polypeptides have a specific role in barley plants during salt stress. The increase in the synthesis of the pl 6.3 and 6.5 polypeptides occurs within a short time after exposure of plants to salt (1 1, 27) and at NaCl concentrations as low as 50 mM (13) . The synthesis of the pI 6.3 and 6.5 polypeptides decreases when salt-treated seedlings are transferred to nutrient solution without NaCl (13) . The increase in the synthesis of the pl 6.3 and 6.5 polypeptides is a specific response to salt stress; synthesis does not increase in response to water deficit (14) or heat shock (10, 13) . In synthesis of these polypeptides increases in CM 72, a salttolerant cv, but not in Prato, a salt-sensitive cv (1 1).
The pl 6.3 and 6.5 polypeptides were isolated using preparative two dimensional gels to obtain clues to their identities and functions. N-terminal amino acid sequences were determined for the pl 6.3 and 6.5 polypeptides, and sequence comparisons were used to identify these polypeptides. Antibodies were raised against the pl 6.3 and 6.5 polypeptides and used to probe blots of polyacrylamide gels to determine their distribution among barley organs and cell-free fractions. Because the levels of osmotin (28, 31) , rab2 1 (24) , and salT (1) respond to salt stress and ABA, the effect of ABA on the levels of the pl 6.3 and 6.5 polypeptides was also examined.
MATERIALS AND METHODS

Plant Material
Seedlings of barley (Hordeum vulgare L. cv CM 72) were grown hydroponically in the absence or presence of 200 mM NaCl according to the method of Hurkman et al. (1 1) . Roots and shoots were excised from 6 d old plants; the shoots were then separated into coleoptiles and leaves. In one set of experiments, roots were divided into root tips 5 mm long and the rest of the root; these root regions were frozen in liquid nitrogen during collection. Soluble, microsomal, and cell wall fractions were isolated from roots of 7 d old plants treated with 100 mm NaCl as described previously (15) .
IEF gels, the thickness of the second dimension gels was increased from 0.75 mm to 1.5 mm.
Amino Terminal Sequencing
The two dimensional gels of phenol extracted polypeptides were electroblotted to polyvinylidene difluoride membranes (Immobilon P; Millipore Corp.) using the conditions of Hurkman and Tanaka (13) . The blots were stained with Amido black ( 13), and pieces of blots containing the pl 6.3 and 6.5 polypeptides were excised for sequencing. Sequence analysis was performed using an Applied Biosystems model 477A Pulsed Liquid Phase amino acid sequencer equipped with a model 120A on-line phenylthiohydantoin amino acid analyzer as described previously (17, 32 Antibodies to wheat germin were a generous gift from Dr. Byron Lane, University of Toronto.
Analytical PAGE
Polypeptides were separated using a Mini Protean II Electrophoresis Cell (Bio-Rad Laboratories, Richmond, CA). For one dimensional gels, polypeptides were prepared by phenol partitioning, precipitation with ammonium acetate in methanol, and solubilization in a SDS buffer; this procedure was necessary for optimum detection of antibody reactions on the immunoblots. The amount of protein loaded onto one dimensional gels and the first dimension IEF gels was based on fresh weight. The method of Hurkman and Tanaka (12) was adapted for running the mini two dimensional gels, except that the IEF gels were placed directly on the second dimension gels. Gels were either silver-stained as described previously (15) , or electroblotted.
Immunoblots
Polypeptides were transferred to Immobilon P using the Mini Protean II Transfer Cell (Bio-Rad). Transfer conditions were as outlined previously (13) except that SDS and methanol were omitted from the transfer buffer and electrotransfer was performed at 100 V for 30 min or 40 V for 1.2 h. Immunolabeling of the mini blots was visualized using alkaline phosphatase activity as described previously (4) except that 1% (w/v) nonfat dried milk was used as the blocking agent. Primary antiserum was used at a 1:500 to 1:1000 dilution; goat anti-mouse immunoglobulin G conjugated to alkaline phosphatase was used at a 1: 1000 dilution.
Heat Stable Proteins
The heat stable protein fraction was prepared essentially by the method of Reid and Walker-Simmons (26) . One (11, 13, 27) . To determine whether these polypeptides also accumulated during salt stress, silverstained two dimensional gels were used to compare polypeptide levels in roots of control plants (Fig. 1A ) and plants treated with 200 mM NaCI for 6 d (Fig. 1 B) . The pI 6.3, 26 kD polypeptide (Gs 1) increased noticeably and the pI 6.5, 26 kD polypeptide (Gs2) increased slightly with salt treatment. The amount of a 27 kD, pI 6.3 polypeptide did not change during salt treatment. A 27 kD, pI 6.5 polypeptide that was labeled in vivo with [35S]methionine ( 11) was not detected in silver-stained gels.
AlI
The 26 kD, pi 6.3 and 6.5 Polypeptides are Related to Germin
The N-terminal sequence assignments and amino acid recoveries for the 26 kD, pI 6.3 and 6.5 polypeptides and the 27 kD, pl 6.3 polypeptide are listed in Table I . Sequence comparisons indicated that the N-terminal sequence of the pI 6.3, 27 kD polypeptide ofbarley shared strong residue identity (75%) with Mn-SOD of maize scutellum (Fig. 2) . Of the five residues that were different between the barley and maize sequences, two involve conservatively substituted amino acids, e.g. Tyr for Phe and Val for Ile, and the other three could be due to single base substitutions in the codons for these amino acids. Because of the sequence similarities, the pl 6.3, 27 kD polypeptide will be referred to as Mn-SOD. The N-terminal sequence of the pI 6.3, 26 kD polypeptide did not match with significant tracts of any of the protein sequences in the PIR and SWISS-PROT databases. However, when the amino acid sequence was converted to codons and sequence comparisons made using GenBank and the EMBL data bank, a match was found with a wheat germin cDNA.
Comparison of the barley amino acid sequence with that deduced for germin revealed 76% residue identity at the Nterminus (Fig. 2) . Of the three residues that were different between the barley and wheat sequences, one involves a conservatively substituted amino acid, e.g. Val for Ile. The deduced amino acid sequence for wheat germin reveals that residue 10 is Cys (3). Cys is not readily detected by amino acid sequencers. For example, Cys was identified in amino acid hydrolysates of purified wheat germin, but was not detected by Edman degradation of the same sample (20) . Similarly, residue 10 ofthe pl 6.3, 26 kD polypeptide ofbarley was not detected and may also be Cys.
Upon sequencing, the spot containing the pI 6.5, 26 kD polypeptide appeared to contain more than one polypeptide. The dominant sequence was identical to the N-terminal sequence of the pI 6.3, 26 kD polypeptide except for an Ile at position 11, a conservative amino acid substitution (Fig. 2) . A second minor sequence matched that of the Mn-SOD. Altering the acrylamide concentration and pH of the second dimension gels failed to clearly resolve more than one polypeptide in this region of the gel. For ease of discussion, the pI 6.3, 26 kD polypeptide will be referred to as Gsl (saltresponsive, germin-like polypeptide 1) and the pI 6.5, 26 kD polypeptide will be referred to as Gs2 (salt-responsive, germinlike polypeptide 2).
Because Lane et al. (20) demonstrated previously that wheat germin is a glycoprotein, Con A/peroxidase was used to visualize glycoproteins on affinoblots of two dimensional gels of barley root polypeptides by the method of Faye and Chrispeels (6) . A number of polypeptides were detected, including Gsl and Gs2 (data not shown), indicating that barley germin is also glycosylated.
Preparation and Specificity of Antibodies to Gsl and Gs2
Because of the close proximity of Gsl and Mn-SOD, the region of the gel containing both polypeptides was used as the immunogen. The resultant antibodies reacted strongly with Gsl and slightly with Gs2 (Fig. 3, A and B gels and that it is more antigenic than the Mn-SOD. The antibodies to Gs2 were specific for Gs2 (Fig. 3, C and D) . Immunoblots of two dimensional gels of polypeptides from roots of plants treated with salt showed, in agreement with the silver-stained gels (Fig. 1) , that Gsl increased noticeably (Fig. 3B) and that Gs2 increased slightly (Fig. 3D) during salt treatment.
Location of GsO and Gs2 in Barley Seedlings
The polypeptides in leaves and coleoptiles were analyzed to determine the distribution of Gsl and Gs2 in barley seedlings and whether their levels changed with salt treatment. Gsl and Gs2 were not detected in silver-stained two dimensional gels of polypeptides from leaves of control (Fig. 4A) or salt treated plants (Fig. 4B) . Gsl was present at low levels in silver-stained two dimensional gels of polypeptides from coleoptiles of control plants (Fig. 4C ) and decreased slightly with salt treatment (Fig. 4D) . Gs2 was present at significant levels in the coleoptiles of control plants (Fig. 4C ) and decreased appreciably with salt treatment (Fig. 4D) . Immunoblots of coleoptile polypeptides probed with antibodies to Gs 1 (Fig. 4 , E and F) reacted more strongly with Gs2 than with Gsl. Gs2 decreased with salt treatment and, although not clearly visible in the figure, Gs also decreased. Immunoblots probed with antibodies to Gs2 (Fig. 4 , G and H) confirmed that Gs2 decreased in coleoptiles of salt treated plants.
To determine whether the synthesis and accumulation of Gsl and Gs2 were developmentally regulated in roots, polypeptide patterns in two regions of the root, the tip and the mature region, were examined. Gs appeared to be present at low levels in silver-stained gels of root tip polypeptides (Fig.  5A ), but was not detected on immunoblots probed with antibodies to Gsl (data not shown). Gsl did not increase in root tips of plants treated with salt (Fig. SB) . Gs2 was absent from root tips (Fig. 5, A and B) . In contrast, Gsl and Gs2 were present in noticeable amounts in the mature region of the root (Fig. 5C ) and both increased with salt treatment (Fig.  SD) . Immunoblots ofthe polypeptides from the mature region of the root demonstrated that Gsl increased significantly (Fig.  5, E and F) , whereas Gs2 increased slightly with salt treatment (Fig. 5, G and H 
GsO and Gs2 Are Located Principally in the Soluble Fraction
To identify the subcellular location(s) of Gs1 and Gs2, soluble, microsomal, and cell wall fractions were isolated from roots and the distribution of Gs 1 and Gs2 determined on immunoblots of one dimensional gels. Gs 1 and Gs2 were predominantly in the soluble fraction with low amounts present in the microsomal and cell wall fractions (Fig. 6) . As found using two dimensional gels, salt treatment caused a notable increase in Gsl and a slight increase in Gs2 (Fig. 6 ). Increases in Gs 1 and Gs2 were most noticeable in the soluble and cell wall fractions. Although the changes are difficult to see in Figure 6 , Gs 1 and Gs2 also increased in the microsomal fraction. When polypeptides in ER, tonoplast, and plasma membrane enriched fractions were analyzed on immunoblots of two dimensional gels, it was found, in agreement with a previous study (15) , that Gsl and Gs2 were present in each fraction and that they increased following salt treatment (data not shown).
Barley Roots Contain a Homolog to Wheat Germin that Decreases with Salt Stress
To determine whether Gsl and Gs2 were related immunologically to wheat germin, blots of two dimensional gels of barley root polypeptides were probed with antibodies to wheat germin that were purified using a phytohemagglutinin column. The antibodies reacted strongly with a 27 kD, pl 5.6 polypeptide (G), but not with Gs 1 or Gs2 ( Fig. 7A ; the position of G in a silver-stained gel is indicated in Fig. 1 ). In contrast to Gs 1 and Gs2, G decreased with salt treatment (Fig. 7B ).
Gsl and Gs2 Are Heat Stable, but Do Not Increase Significantly with ABA Treatment
Proteins that increase during drought stress are heat stable (2) . Since osmotic stress is one component of salt stress, the heat stable protein fraction of barley roots was analyzed to determine if Gs 1 and Gs2 were heat stable. A number of polypeptides in this fraction were heat stable, including Gs 1 and Gs2 (Fig. 8A) . The presence of Gs 1 and Gs2 in the heat stable fraction was confirmed on immunoblots (data not shown). Since proteins induced by drought stress are also induced by ABA (2, 26), Gs 1 and Gs2 levels were examined following treatment of plants with ABA for 24 h. Analysis of silver-stained two dimensional gels revealed that a 25.5 kD, pI 6.1 polypeptide and a 25 kD, pI 6.5 polypeptide increased appreciably during ABA treatment (Fig. 8B) . Interestingly, the 25.5 kD, pI 6.1 polypeptide reacted with the antibodies to Gsl (data not shown). Gsl did not accumulate during ABA treatment, whereas Gs2 increased slightly (Fig. 8B) . To determine whether synthesis of Gs 1 and Gs2 was altered by ABA treatment, polypeptides in roots of control plants or plants treated with ABA for 24 h were labeled in vivo. Fluorographs of two dimensional gels indicated that the synthesis of Gs 1 and Gs2 was not affected by ABA treatment (Fig. 8, C and  D) . However, the synthesis of a number of polypeptides was altered, including increased synthesis of eight other 26 kD polypeptides (Fig. 8D ). These eight polypeptides were not detected in silver-stained gels (data not shown).
CONT ROL SALT Figure 7 . Immunoblots of two dimensional gels of polypeptides from roots probed with antibodies to wheat germin. Plants were grown in the absence (A) or presence (B) of 200 mm NaCI. G, 27 kD, pl 5.6 polypeptide that reacts with antibodies to wheat germin. The location of this polypeptide in silver-stained two dimensional gels is indicated in Figure 1 . Polypeptides from an equivalent of 2.5 mg of root tissue were loaded onto the IEF gels.
DISCUSSION
Salt stress causes a noticeable increase in the levels of specific polypeptides in barley roots. The synthesis of four polypeptides of pI 6.3, 26 and 27 kD, and pI 6.5, 26 and 27 kD, increases (1 1, 13-15, 27), but only the two 26 kD polypeptides accumulate during salt stress. To further characterize the pI 6.3 and 6.5, 26 kD polypeptides, they were isolated and partially sequenced. The similarity of the N-terminal sequences indicated that these two polypeptides are isoforms.
Sequence comparisons revealed that the 26 kD polypeptides share strong residue identity with germin (3), a protein in embryos of germinating wheat seeds that increases significantly with the onset of growth (7, 9, 33 , and references therein). In higher plants, germin is specific to monocots; it was found in wheat, oat, rye, and barley, but not in pea, lettuce, or radish (8) . For ease of discussion, Gs 1 and Gs2 will be used to designate the pI 6.3 and 6.5 salt-responsive, germinlike polypeptides in barley. Gsl and Gs2, like germin, are glycoproteins that are protease resistant. Lane et al. (20) demonstrated that germin was glycosylated by Schiff staining and by in vivo labeling with tritiated mannose, glucosamine, or fucose. In this study we found, by probing affinoblots with Con-A/peroxidase, that Gs 1 and Gs2 are also glycoproteins. Germin was found to be resistant to hydrolysis by broad-specificity proteases (7), and Lane et al. (20) exploited this property to purify germin. In an attempt to determine whether Gs 1 and Gs2 were soluble proteins adhering to isolated membrane vesicles or polypeptides associated specifically with a particular membrane fraction, Hurkman et al. (15) also found that these polypeptides were resistant to hydrolysis by proteases.
Germin is a 130 kD oligomer that is converted to 26 kD monomers when heated in the presence of SDS or treated with various proteases (7). The oligomers for Gsl and Gs2 were not detected in two dimensional gels, a phenomenon also observed for wheat germin (21) . Since protease activity is inhibited by the phenol extraction technique (12) , the oligomers are probably converted to monomers by the urea present in the solubilization buffer. In addition to Gsl and Gs2, barley roots contain a 27 kD, pl 5.6 polypeptide that reacts with antibodies to wheat germin. The different forms of germin could be encoded by different genes or by a family of related genes, could arise from messages that have been processed differently, or could be due to differences in posttranslational modification(s), including differential processing ofthe oligosaccharide side chains. In germinating wheat seeds, there are two forms of germin, G and G' (21) , that contain the same apoprotein, but G has antennary N-acetylglucosamine residues, whereas G' does not ( 16) .
As found for germin in wheat seedlings (8) , Gsl and Gs2 were present in both roots and shoots of barley seedlings. The distribution of Gsl and Gs2 varies within roots; they were not detected in the tip, but were present in the mature region. In contrast, germin was most abundant in distal (to the seed) root sections in wheat seedlings (8) . Since the wheat roots were divided into three equal parts and only the soluble fraction was examined (8) , it is possible that germin may also be absent from the tip. It is also possible that germin is distributed differently in roots than Gsl and Gs2. In the shoots, Gs 1 and Gs2 were present in the coleoptiles, but were not detected in the leaves. During salt treatment, Gs1 was more abundant in the roots, whereas Gs2 was more abundant in the coleoptiles. Thus, distribution of Gsl and Gs2 is organ specific and, in roots, correlated with developmental stage. When seedlings are treated with salt, the response of Gsl and Gs2 differs in roots and coleoptiles. In roots, Gs 1 increases noticeably and Gs2 increases slightly in response to salt stress; in contrast, Gs 1 decreases slightly and Gs2 decreases noticeably in the coleoptiles. Interestingly, the 27 kD, pl 5.6 polypeptide that reacts with the wheat germin antibodies decreases in the roots during salt stress. The response ofthe three germin isoforms to salt stress therefore varies in an organ specific manner.
In agreement with a previous study (15) , immunoblots probed with antibodies showed that Gsl and Gs2 were present in membrane fractions enriched in ER, tonoplast, and plasma membrane as well as in a cell wall fraction from roots, and that they increase with salt stress in all of these fractions. This distribution among subcellular fractions is plausible because Gsl and Gs2 are glycosylated, implying that they are processed in and transported to different cell compartments. However, the great majority ofGsl and Gs2 was in the soluble fraction. It is conceivable that the association of Gsl and Gs2 with the membrane and cell wall fractions is nonspecific, but results of experiments designed to answer this question were hindered by the protease resistance ofGs I and Gs2 (15) . More definitive information on the in situ localization of germin in barley cells must await immunocytochemical studies using colloidal gold-labeled antibodies and transmission electron microscopy.
Relatively few proteins that increase with salt stress have been discovered. Among them are osmotin (28-31), NP24 (18, 19) , salT (1), rab 21 (24) , and phosphoenolpyruvate carboxylase (25) . Osmotin is a 26 kD polypeptide that accumulates in cultured tobacco cells during adaptation to medium containing NaCl (28) . NP24, a 26 kD polypeptide immunologically related to osmotin, is found in cultured tomato cells adapted to medium containing NaCl (18) . SalT, a 15 kD polypeptide (1), and rab 21, a 16.5 kD polypeptide (24) , accumulate in rice plants in response to salt stress. It is interesting to note that Gsl, like osmotin (30) , NP24 (19) , and salT (1) , is more abundant in the roots of salt stressed plants, implying that these polypeptides have specific functions in roots during salt stress. Osmotin (29, 30) , rab 21 (24) , and salT (1) are also induced by water deficit and ABA treatment. Other proteins that are induced by both treatments include the dehydrins, dehydration-induced proteins (2) , and Em protein, the most abundant cytosolic protein of dry wheat embryos (23 and references therein). The dehydrins and Em protein are very hydrophilic and as a result remain soluble or heat stable upon boiling (2, 5, 23, 26) . Gsl and Gs2 are also heat stable, but their synthesis is not affected by water deficit (10, 14) or ABA treatment. Gs2 accumulated during ABA treatment, whereas Gs I did not. It is interesting, though, that a 25.5 kD, pl 6.1 polypeptide immunologically related to Gsl did accumulate during ABA treatment.
With the exception of phosphoenolpyruvate carboxylase, the functions of proteins that increase with salt stress are not known. Characterization studies have yielded clues to possible functions. Osmotin is synthesized and accumulates in the vacuoles of cells undergoing gradual osmotic adjustment and thus may have a role in this process (28) . Rab 21 and Em, protein are LEA proteins that accumulate in maturing embryos during seed desiccation (5) . LEA proteins can be induced prematurely with ABA or induced in germinating seedlings by water deficit and/or ABA treatment (5 and references therein). The LEA proteins are very hydrophilic, and biophysical properties indicate that they confer desiccation protection through a stabilizing interaction with cellular proteins (5) . In wheat embryos, germin increases significantly during seed germination, but its function is not yet known. Based on the increase in carbohydrate synthesis during germination and the presence of adventitious arabinoxylans in wheat germin preparations, Jaikaran et al. (16) speculated that wheat germin could have a role in cell wall expansion in cereals. In barley, Gsl and Gs2 accumulate during salt stress and, like other stress regulated proteins, may have a protective function.
Gs 1 and Gs2 levels are altered by salt stress and accumulate differentially in roots, leaves, and coleoptiles. In roots, the distribution of Gs 1 and Gs2 correlates with cell age, and both polypeptides increase in roots in response to salt stress. Interestingly, the 27 kD, pl 5.6 polypeptide that is immunologically related to wheat germin, a protein that increases significantly in germinating seeds, decreases in roots in response to salt stress, which inhibits growth. Future work involving cDNA probes homologous to wheat germin and cDNA probes to Gsl and Gs2 will help to determine whether these three isoforms are products of the same gene family. In addition, these probes can be used to study the regulation of the expression of the gene(s) for germin. Such studies should also provide further clues to the function of germin and its role during salt stress.
